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SUMMARY 
Human exposure t o  t r a p p e d  r a d i a t i o n s  i n  low Earth o rb i t  (LEO) is  evaluated on 
t h e  basis of a simple approximation of the human geometry f o r  s p h e r i c a l  s h e l l  s h i e l d s  
of varying thicknesses. A d a t a  base i s  p resen ted  tha t  may be used t o  make prel imi-  
nary assessment of the impact of r ad ia t ion  exposure  cons t r a in t s  on  human performance. 
A sample impact assessment is discussed on t h e  b a s i s  of present ly  accepted  allowable 
exposure limits. A b r i e f  d i s c u s s i o n  is  g iven  concern ing  the  an t ic ipa ted  impact  of  an  
ongoing .reassessment of allowable exposure limits. 
INTRODUCTION 
W i t h  the advent of t h e  Space Transportation System, there i s  rapid advancement 
i n  u t i l i z a t i o n  of space i n  low Earth o rb i t  (LEO). P r i n c i p a l  i n t e r e s t  i n  LEO i s  t h e  
development of human capabilities, observat ion satel l i tes ,  and l a r g e  space antennas.  
Inc reas ing  power requirements t o  promote manned capab i l i t y  and  space i n d u s t r i a l i z a -  
t i o n  are demanding l a r g e  area s o l a r  a r r a y s  i n  a d d i t i o n  t o  l a r g e  components of l i v i n g  
and work qua r t e r s .  The n e t  e f f e c t  is  increased  a tmospher ic  drag  requi r ing  h igher  
o r b i t a l  a l t i t u d e s  and  greater   radiat ion  exposure.   Furthermore,   the   increased empha- 
sis on e r e c t a b l e  s t r u c t u r e s  places g r e a t e r  demands on human performance i n  e x t r a -  
vehicular  work a c t i v i t y  (EVA).  
In planning such missions, it i s  necessary  to  cons ider  the  impact  of  rad ia t ion  
exposure on miss ion  ac t iv i ty .  The purpose of  the present  report  is  t o  p resen t  env i -  
ronmenta l  da ta  in  a format which i s  e a s i l y  u t i l i z e d  i n  m i s s i o n  a n a l y s i s .  The geo- 
metric models of the spacec ra f t  and  the  human body are s i m p l i f i e d  t o  p r o v i d e  f i r s t -  
o rde r  e s t ima tes  of limits for  planning purposes .  The p resen t  models are based on 
time-averaged exposure rates without regard t o  important time va r i a t ions  in  exposure .  
Such time va r i a t ions  can  o f t en  be used t o  reduce exposure during specif ic  mission 
tasks .  A d e t a i l e d  s t u d y  of the impact of exposure l imitation i s  needed i f  exposure 
limits are approached during the mission planning stage.  
RADIATION EXPOSURE CONSTRAINTS 
Radiat ion exposure constraints  have been establ ished on the basis  of r e l a t i v e  
t i s s u e  s e n s i t i v i t i e s  a n d  scale of h u r t  ( r e f .  1 ) .  The rate of  induct ion  of  so l id  
tumors w a s  assumed equal  t o  t h e  rate of induction of leukemia, and the doubling dose 
w a s  400 rems ( r e f .  2) .  The der ived  exposure  constraints   for   bone marrow (blood form- 
ing  organ  (BFO) ), skin,  ocular  lens ,  and testes are given i n  t a b l e  1 for  u n i t  refer- 
ence risk (induced rate equals  natural  spontaneous rate) and are those p r e s e n t l y  i n  
f o r c e  i n  t h e  s p a c e  program. More r ecen t ly  it has  been  found  tha t  t he  so l id  tumor 
incidence rate is fou r  times greater  than the leukemia ra te  ( r e f .  3 ) ,  and allowable 
d o s e  c o n s t r a i n t s  f o r  t h e  space program are l i k e l y  t o  be reduced considerably. Mean- 
wh i l e  t he  va lues  in  table 1 are used i n  space mission s tudies .  
The q u a l i t y  f a c t o r s  (scale f a c t o r  f o r  r e l a t i n g  p h y s i c a l  d o s e  t o  b io log ica l  dose )  
f o r  t h e  LEO environment are n o t  known. T e c h n i q u e s  f o r  c a l c u l a t i n g  q u a l i t y  f a c t o r s  
(QF) are available o n l y  f o r  e n e r g e t i c  p r o t o n s  a f t e r  a th i ckness  of t i s s u e  e q u i v a l e n t  
material ( r e f s .  4 and 5). S a l i t y  f a c t o r s  f o r  aluminum s h i e l d s  are y e t  t o  be 
derived.  Benton  and Henke ( r e f .  6 )  assume QF = 1.5 f o r   r a d i a t i o n s   i n  LEO, which 
appear   unnecessar i ly   conservat ive compared wi th  QF = 1.3 f o r  s o l a r  cosmic  rays 
( r e f .   7 ) .  
SPACECRAFT  SHIELDING 
Spacecraf t  a re  complex geomet r i c  s t ruc tu res  fo r  which spec i f i c  exposure  rela- 
t i o n s  w i t h i n  t h e  i n t e r i o r  are d i f f i c u l t  t o  d e f i n e  e x a c t l y .  Approximate  methods  have 
developed  over  the  years, which  have r e s u l t e d  i n  g r e a t  s i m p l i f i c a t i o n .  The methods 
r e s u l t  from the  well-known straight-ahead approximation of heavy charged p a r t i c l e  
t r a n s p o r t  ( r e f .  8) and a r e  found t o  be  usefu l  even  for  e lec t ron  sh ie ld  approximat ion  
( r e f .  9).  A r e c e n t  i n v e s t i g a t i o n  by Jo rdan  fu r the r  exp lo res  the  va lue  of t hese  
methods ( re f .   10) .  
Central  to  these approximations is  t h e  d i s t r i b u t i o n  of mater ia l  about  the  poin t  
of i n t e r e s t .  These a r e  u s u a l l y  p r e s e n t e d  a s  areal d e n s i t y  d i s t r i b u t i o n  f u n c t i o n s  
which g ive  a rea l  dens i ty  as a func t ion  of t h e  f r a c t i o n  of s o l i d  a n g l e  ( r e f .  1 1 ) .  
Areal dens i ty  d i s t r ibu t ions  fo r  t he  Apo l lo  command module  showed minimum s h i e l d  
th ickness  of about 6 g/cm2 of A 1  with 80 percent  of a l l  d i r e c t i o n s  h a v i n g  more than 
7.5 g/cm2 of A l .  In contrast ,  Skylab had minimum th i ckness  due  to  win ows of 
0.5 g/cm2 of A 1  and  75  percent  of  the  shielding on the  o rde r  of 1 g/cm of A l .  It is  
he re in  assumed t h a t  a large habitat  can be approximated by a s p h e r i c a l  s h e l l  w i t h  
the  a s t ronau t  a t  t he  cen te r .  Th i s  is  a maximum exposure for such a s p h e r i c a l  
configurat ion.  
2 
ASTRONAUT  SELF-SHIELDING 
The human body is  a complicated geometric arrangement and the specific organs of 
i n t e r e s t  are l i k e w i s e  d i s t r i b u t e d  i n  complex geometric patterns.  Detailed man models 
have  been  derived  (ref.  1 1  ) and s u b s t a n t i a l l y  improved ( r e f .  1 2 ) .  To approximate  the 
dose t o  var ious body organs,  the work of Bil l ings and Langley (ref .  13)  i s  used i n  
which a simple s p h e r i c a l  s h e l l  model of c r i t i ca l  body organs is  der ived.  This model 
is represented by s p h e r i c a l  s h e l l  t h i c k n e s s  e q u i v a l e n t  t o  t h e  d e p t h  of the organ and 
a coe f f i c i en t  r ep resen t ing  the  amount of r a d i a t i o n  i n c i d e n t  on the  organ  i n  ques t ion .  
The model with the minimum-number pro ton  dos imeters  ( tab le  3 of re f .  13)  genera l ly  
shows reasonable  es t imat ion of  dose except  for  skin and testes. The skin dose from 
e l ec t rons  du r ing  EVA is  i n  l a rge  e r ro r  fo r  t he  pa rame te r s  of t a b l e  3 of r e fe rence  13. 
Skin dose estimates are made he re in  by an approximation t o  t h e  minimum-error param- 
eters ( t a b l e  2 of re f .   13) .   Consequent ly ,   the   sk in   dose  i s  approximated by a 
dosimeter radius 
where' c o e f f i c i e n t  
C ( z )  = a + be -m 
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where z is the   veh ic l e   sh i e ld   t h i ckness .  The remaining  organs are correspondingly 
approximated f o r  a cons tan t  r shown i n  t a b l e  2 a long   w i th   t he   coe f f i c i en t s  a, b, 
and a used i n   t h e   p r e s e n t   c a l c u l a t i o n s .  
ENVIRONMENTAL DATA 
I n  t h e  p r e s e n t  c a l c u l a t i o n s ,  t h e  r a d i a t i o n s  o t h e r  t h a n  t h o s e  t r a p p e d  i n  t h e  
magnetic f i e l d  of the  Ear th  are ignored. The solar cosmic rays (SCR) can  be  qu i t e  
i m p o r t a n t  f o r  o r b i t s  i n c l i n e d  by more than 50° ( r e f .  14 ) .  Galactic cosmic rays  (GCR) 
con t r ibu te  a t  l e v e l s  of  30  mrads/day o r  less, depending on i n c l i n a t i o n .  The GCR 
background is  l o w  but  poses  a s ign i f i can t  b io log ica l  p rob lem,  e spec ia l ly  for  long- 
term exposure,  due t o  the presence of heavy ions. Heavy ion  exposure  cons t r a in t s  are 
present ly  unspecif ied and are ignored  in  th i s  s tudy .  An eva lua t ion  of the  heavy ion  
hazard w i l l  be made as soon as an adequate  understanding i s  developed of  their  
b i o l o g i c a l  limits and  sh ie ld ing  methods. 
The t r apped  pa r t i c l e  f luence  i s  taken from a compi la t ion  of  da ta  ( re f .  15)  
derived from the AE4 and AE5 e l e c t r o n  models and AP5, AP6, and AP7 proton models  for  
solar maximum. These d a t a  are q u i t e  d i f f e r e n t  f rom the  r e su l t s  of  reference 16. A 
comparison of the environmental  data  of  references 15 and 16 is given i n  t a b l e  3. 
The e l e c t r o n  d a t a  of Stass inopoulos  ( re f .  15)  a t  30° , i n  p a r t i c u l a r ,  are near ly  an  
order  of magnitude g r e a t e r  t h a n  t h e  d a t a  a t  28.5O and 35O of Watts and Wright 
( r e f .  16) .  The o r i g i n  of t hese  d i f f e rences  is  n o t  known t o  t h e  p r e s e n t  a u t h o r s  a n d  
the  da t a  of reference 15 are taken as the  basis of th’e p resen t  s tudy .  
METHOD OF CALCULATION 
The t r apped  r ad ia t ion  f luence  da ta  are c o n v e r t e d  t o  d o s e  i n  t h e  c e n t e r  of a 
s o l i d  aluminum sphere by us ing  the  SHIELDOSE program of S e l t z e r  from the  Na t iona l  
Bureau of  Standards  (ref.  17 ) .  The human body geometry  and  spacecraft  geometry are 
combined according t o  t h e  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n  ( r e f .  1 3 ) ,  which f o r  o u r  
s impl i f i ed  geometry becomes 
l’organ - ‘organ (’ Dsphere(rorgan + z) 
- 
where  Corgan(z) is  the a p p r o p r i a t e  c o e f f i c i e n t  of t a b l e  2 and  equation ( 2 )  f o r  t h e  
s p e c i f i c  body organ, DS here ( z )  i s  t h e  dose i n  t h e  c e n t e r  of an  aluminum sphere of 
rad ius  z, ror an is  &e corresponding  organ  radius ( table 21, and z i s  t h e  
spacec ra f t  sh i eyd  th i ckness  assumed t o  be a s p h e r i c a l  s h e l l  w i t h  t h e  d o s e  p o i n t  a t  
the   cen ter .   Resul t s  of t h e   c a l c u l a t i o n s  are shown i n  f i g u r e s  1 through 5. Fur ther  
results f o r  t h e  s e v e r a l  s h i e l d  t h i c k n e s s e s  i n  t a b l e  4 are shown i n  t a b l e  5. An 
approximate meaning (place of occurrence)  i s  a s soc ia t ed  wi th  the  th i cknesses  shown i n  
t a b l e  4 as noted. 
The results of t a b l e  5 are shown as graphs i n  f i g u r e s  6 through 9. It is  seen  
from f i g u r e  6 ( b )  t h a t  s k i n  d o s e  f o r  EVA a t  500 km and 30° i n c l i n a t i o n s  amounts t o  
about  3.4 rads/day. If  the maximum t i m e  i n  EVA per a s t r o n a u t  is  6 hours/day or 
0.9 rad/day for EVA a c t i v i t y ,  the equiva len t  of  81 rads  is r e c e i v e d  i n  t h e  90-day 
per iod  of space a c t i v i t y .  Hence, only 24 rads of add i t iona l  sk in  exposure  i s  
allowable even though an additional 0.5 rad/day is rece ived  wi th in  an  1 .O g/cm 2 
hab i t a t  du r ing  the  r ema in ing  1 8  hours of non-EVA status.  Thus, t h e  t o t a l  dose 
3 
rece ived  by the s k i n  f o r  a n  a c t i v e  EVA crew member i s  as much as 126 r a d s   i n  90 days 
or approximately the amount allowed by present  guidel ines  assuming QF = 1 ( t a b l e  1 1. 
If QF = 1.5 suggested by Benton  and Henke ( r e f .  6) is  employed, then dose limits 
are grea t ly  exceeded  for  these types of o p e r a t i o n s  i n  t h i s  p a r t i c u l a r  orbit .  'Ihe 
importance of knowing w i t h  c e r t a i n t y  t h e  q u a l i t y  f a c t o r  i n  LEO i s  obvious. It i s  
clear t h a t  a carefu l  assessment  of  rad ia t ion  exposure  for  a mission a t  500  km and 
30° i n c l i n e d  o r b i t s  is needed. This i s  e s p e c i a l l y  t r u e  i n  view  of the  expec ted  
lowering of allowable exposure limits w e l l  below those given i n  t a b l e  1 as a r e s u l t  
of r ecen t  da t a  on s o l i d  tumor induc t ion  ( r e f .  3 ) .  
CONCLUDING REMARKS 
The p r e s e n t  r e s u l t s  provide a d a t a  b a s e  f o r  making prel iminary assessments  of 
exposure  cons t ra in ts  on human performance i n  l o w  E a r t h  o r b i t  (LEO). The p r e s e n t  
r e s u l t s  are t o  be i n t e r p r e t e d  i n  t h e  c o n t e x t  of c u r r e n t  r a d i a t i o n  c o n s t r a i n t s  b u t  
being mindful of future reductions on the  bas i s  of  more r e c e n t  b i o l o g i c a l  d a t a .  It 
is  es t imated  tha t  exposure limits may be reduced by up t o  a f a c t o r  of 4 which would 
g r e a t l y  impact LEO ope ra t ions .  Unce r t a in t i e s  i n  qua l i t y  f ac to r s  beh ind  aluminum 
shie lds  could  have  impor tan t  impl ica t ions  for  a l lowable  human a c t i v i t y  a n d  n e e d  t o  be 
more re l iab ly  de te rmined  for  fu ture  exposure  estimates. Users of t h e  p r e s e n t  resu l t s  
are t o  be mindful of the l imitations of t h e  human geometric models employed which 
i n t r o d u c e  a d d i t i o n a l  u n c e r t a i n t y  i n  t h e  p r e s e n t  estimates. One  may only assume t h a t  
when a n t i c i p a t e d  d o s e s  a r e  low ( 1 0  percen t  of exposure  l imi t s  or  less), n o  s i g n i f i -  
can t  impact of t rapped radiat ion exposure on mission objectives i s  expected. How- 
ever ,  i f  a n t i c i p a t e d  doses are 50 p e r c e n t  o r  more of the allowable exposure  l imi t s ,  
then a de ta i led  assessment  of the impact of the radiat ion environment  is  requi red .  
I n  t h i s  respect, time v a r i a t i o n s  i n  e x p o s u r e  rates are expected t o  be of v i t a l  
importance during EVA opera t ions  as a  means of reducing exposure. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
Ju ly  5,  1984 
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TABLE 1.- SUGGESTED  EXPOSURE LIMITS AND EXPOSURE ACCUMULATION RATE CONSTRAINTS 
FOR UNIT REFERENCE RISK CONDITIONS 
I I Anci l la ry  re ference  r i sks  I 
Constraint  Primary 
reference r isk,  Bone mrrm, Skin, Tkstes, Ocular lens ,  
rems a t  5 cm rems a t  5 cm rems a t  3 cm rems a t  3 mm rems a t  0.1 mm 
1-year average daily rate 
200 600  1200  400  400 Career limit 
3 8  112  225 75 Yearly maximum 
18  52  105  35 m a r t e r l y  maximuma 
1 3  37  75 25 30-day minimum 
0.1 0.3 0.6  0.2 
be allowed for 2 consecutive quarters followed by 6 months of r e s t r i c t i o n  from f u r t h e r  
exposure t o  maintain yearly limit. 
TABLE 2.- HUMAN BODY  GEOMETRY  PARAMETERS 
USED I N  PRESENT CALCULATIONS 
Organ r, g/cm a b a 
BFO 5.5  0.502 
- 4 9 3   " 3 5 6   - 7 2 0  z/4 Skina 
.25  "206  -599 .5  Lens 
.57  .428 .641  5.5 Testes 
1.0 0.000 
2 
< 2 g/cm2. 
TABLE 3. - COMPARISON OF ENVIRONMENTS FOR INCLINATIONS OF 28.5O AND 3 5 O  WITH 
THAT FOR INCLINATION OF 30° 
f o r  i n c l i n a t i o n s  of 28.5O and 35O from Watts and Wright (ref. 
d a t a  f o r  i n c l i n a t i o n  o f  30° from Stassinopoulos  ( ref .  1 5) 
Pro ton  f luence ,  p ro tons /cm2-day ,  for  a l t i tude  and  inc l ina t ion  of  - 
I 
Energy, 200 km 400 km 
MeV 
800 km 
2 8.5O 3 Oo 3 5O 28.5O 3 Oo 3 5O 28.5O 3 Oo 3 5O 
10 4.534 1.335 2.1E7 1 -036 2.7E6 2.1E6 2.437 4.637 2.737 
50 1.534 2.734 3.834 5.335 1.3E6 9.835 1.137 1.8E7 1.137 
100 5.433 9.733 1.234 2.735 6.535 4.935 6.836 1.137 7.OE6 










3 Oo 28.5O 3 5O 
1.1E4 
7.834 7.432 6.233 
4.535  3.333 
2.1E3 8.633 3.732 
3 Oo 3 5O 3 Oo 28.5O 3 50 
1.837 
1.3E6 1.9E7 9.935  6.334  6.735 
1.737 1.5E8 1.237  8.435 5.236 
1 .OE8 5.837 7.337  4.836 
TABLE 4. - RELEVANT VALUES OF SHIELD  THICKNESS 







Spacesui t  
Space helmet,  Skylab wall 
'Heavi ly  sh ie lded  habi ta t  
Heavily sh ie lded  veh ic l e ,  
solar cosmic  ray  she l te r  
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TABLE 5.- DOSE TO CRITICAL BODY ORGANS 
S h i e l d  t h i c k n e s s ,  
g/crn2 of A 1  
Dose, mrads/day, t o  - 
BFO Lens Testes Sk in  
A l t i t u d e ,  km 
". 
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8  668 
39  829 





7  760 
5 
1  46 
560 
1  732 

























1  597 
15 
334 
1  728 










1  398 















































TABLE 5.- Concluded 
S h i e l d   t h i c k n e s s ,  1 iltitude, kn, 1 BFO , , , Dose, mrads/day, t o  - 
g/cm2 of ~1 Skin  Lens Testes 





























































1  232 






























































1  053 
1  422 
2 529 
4  384 
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2, g lcm o f  A1 2 
( a )  30° inc l ined  orb i t .  
z ,  glcm o f  A1 2 





1 o1 k 
z, g/cm o f  A1 2 
(c )  90° inc l ined  orb i t .  
Figure 1 . -  Dose to critical body organs as function of shie ld  th ickness  for 
200-km circular orbi ts .  
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lo1 
L I  
0 BFO 
0 S k i n  
0 Lens 
A Testes 
 IO-^ IIIIIIIIII(IIIII 
5 10 15 
z ,  g/cm o f  A1 2 
(a)  Oo i n c l i n e d  orbi t .  
t- 
0 BFO 
0 S k i n  
0 Lens 
A Testes 
1°‘1  o1 
0 BFO 




z, g/cm o f  A1 2 
(b)  30° i n c l i n e d  orbit .  
F 
0 BFO 














(c) 60° i n c l i n e d   o r b i t .  (d l  90° i n c l i n e d   o r b i t .  
Figure 2.- Dose t o  cr i t ical  body organs as func t ion  of s h i e l d  t h i c k n e s s  f o r  
400-km c i r c u l a r  orbits. 




0 S k i n  
0 Lens 
A Testes 
(a) Oo i n c l i n e d  o r b i t .  
0 BFO 
0 S k i n  
0 Lens 
A Testes 




5 10 15 
z, g/cm o f  A1 2 
(c) 60° i n c l i n e d  o r b i t .  
0 BFO 
S k i n  
0 Lens 
A Testes 
(b) 30° i n c l i n e d  o r b i t .  
0 BFO 
0 S k i n  
0 Lens 
A Testes 
10-22 0- 0 z, 5 g/cm2 o f  10 AI 15 
(dl  90° i n c l i n e d  o r b i t .  
Figure 3.- Dose to critical body organs as funct ion of s h i e l d  t h i c k n e s s  for 
600-krn circular orb i t s .  
13 
I 
lo1 o t  0 BFO 




Z, glcm o f  A1 2 
(a) Oo i n c l i n e d  o r b i t .  
0 BFO 
0 S k i n  
0 Lens 
A Testes 
1 ° F  
0 BFO 
0 Sk in  
l o1  o[ 0 BFO 





10-  5 10  15 
z, g/cm o f  A1 2 
(C) 60° i n c l i n e d  o r b i t .  (d l  90' i n c l i n e d  o r b i t .  
Figure 4.- Dose to crit ical  body organs as funct ion of sh ie ld  th ickness  for , #  
800-km circular o r b i t s .  
1 4  
3 g 10-1 I f 2  
Lu-dudd 5 10 15 
z, g/cmL o f  AI 
( a )  Oo inc l ined  orb i t .  
101 0 BFO 
0 Skin 




















(c)  60° inc l ined   orb i t .  ( d l  90° inc l ined   orb i t .  
Figure 5.- Dose to c r i t i c a l  body organs as  funct ion of shie ld  th ickness  for 





0 0  
0 30 
(b)  Skin. 
Inclination, 
deg 
0 0  
30 
0 60 
( a )  BFO. 
l o z F  deg 
Inclination, 
0' 
(c) Lens. (d l  Testes. 






























(c) Lens. (dl Testes. 










I I I 





0 0  
- 
lo1 0 30 


















(b)  Skin. 
(c) Lens. (d)  Testes.  



































0 0  
lo1 0 30 
0 60 
A 90 
AI t i  tude, km 
(b) Skin. 
:;i 0 2 10-1 
10-3 - ~ 
lo2 
lo3 
A1 ti tude, km 
lo3 
(c) Lens. (d l  Testes. 
9.- Dose t o  c r i t i ca l  body organs  wi th in  s h i e l d  of 5 g/cm2 of aluminum. 
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